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The fine structure of Pseudomonas saccharophila, a soil bacterium, is similar
to that of the marine Pseudomonas reported by Wiebe and Chapman. The unit
membrane of the plasma membrane is clearly seen in some areas of thin sec-
tions. The ribonucleoprotein granules are distributed in the cytoplasm of the
cell. Cells of P. saccharophila during early exponential phase are large, and
most of them contain a large number of poly-,B-hydroxybutyrate granules.
Some of the granules are quite large and occupy up to three-fourths of the cross
section of the cell. Thin sections of the cells in the late log phase, however,
show fewer and smaller poly-f,-hydroxybutyrate granules located in the central
region of the cell. Negative-stained and freeze-fracture preparations show that
the outer surface of the cell wall of P. saccharophila is covered with a large
number of tiny granules and long, slender flagella. The outer surface of the
plasma membrane appears to be smoother than the outer surface of the cell
wall, and it also contains numerous granules. Since the outer surface of the cell
wall is quite smooth in freeze-fracture preparations, the wrinkled appearance in
thin sections is probably an artifact of fixation and dehydration. The poly-,8-
hydroxybutyrate did not solidify at the freezing temperature used (approxi-
mately -150 C), and it was consequently pulled out in a spikelike structure
during the fracturing process. P. saccharophila, under the conditions in our

study, appears to multiply by the constrictive type of cell division.

Since Kellenberger and Ryter developed a
successful electron microscopy technique to
study bacterial cells (8), the ultrastructure of
numerous types of bacteria, the structural
change under various environmental condi-
tions or with the addition of different chemi-
cals, and the relationship of structure and cell
functions have been successfully examined by
various electron microscopy techniques (5, 9,
17, 19-22). However, little has been reported
on the alteration of fine structure at different
stages of growth. This report describes the fine
structure of Pseudomonas saccharophila at the
early log phase and the late log phase of
growth shown by electron microscopy with var-
ious techniques of preparation.

MATERIALS AND METHODS
Cultures. P. saccharophila was grown and main-

tained in a chemically defined growth medium, con-
taining 0.1% NH4Cl, 0.05% MgSO4, 0.0005% CaCl2,
0.005% ferric ammonium citrate, and 0.2% sucrose in
0.03 M sodium-potassium phosphate buffer, pH 6.8.
A freshly grown 24-hr culture was used as the inoc-

ulum. Cells at the beginning and at the end of a log-
phase culture (after 4 and 16 hr of growth in the
medium, respectively) were used for electron micro-
scope studies. The number of bacteria in the culture
at early log phase was 20 to 22% of that at the late
log phase. The increase of bacteria during the first 4
hr was equivalent to approximately 12% of the in-
crease in 16 hr. The cells were then fixed immedi-
ately for electron microscope studies.

Negative stain technique. The cell suspension
was mixed with 2% ammonium molybdate (1:1) for
10 min. A small droplet of this mixture was placed
on a carbon-coated grid, and the excess fluid was
removed by capillary action with filter paper. The
cells were washed by placing a drop of 1% ammo-
nium acetate on the grid, and then the excess am-
monium acetate was removed by capillary action.
The washing process was repeated twice to reduce
the formation of ammonium molybdate crystals
during vacuum-drying, which causes the ammonium
acetate to sublime (7). Some negative-stained speci-
mens were shadowed with uranium or platinum
carbon at a 300 angle.

Freeze-fracture technique. Cell suspensions were
fixed in 2.5% glutaraldehyde in phosphate buffer (18)
for periods of 0.5 to 2.5 hr, centrifuged, and sus-
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pended in 5% glycerine in phosphate buffer (pH 7.0)
for 1 hr. This suspension was centrifuged, and the
packed cells were loaded into copper mesh tubes
rolled from 3-mm electron microscopy grids. The
specimen tubes were then quickly frozen by immer-
sion in liquid nitrogen-cooled Freon 22 and loaded
into a Berkeley-etch Device (C. W. French Co., Wes-
ton, Mass.)

Electron microscopy techniques. The bacteria
were initially fixed in freshly prepared 2% parafor-
maldehyde for 3 hr, as described by Peters and
Ashley (14). The bacteria then were sedimented at
7,000 x g for 2 min and postfixed in 1% osmium te-
troxide (0s04) overnight at 23 C by the method of
Kellenberger and Ryt.er (8). After fixation, the bac-
teria were infiltrated and embedded in maraglas by
a modified procedure of Freeman and Spurlock (6).
The dehydration schedule was as follows: 50, 70, and
95% ethanol, then 100% ethanol three times, 5 min
each; propylene oxide-maraglas (1:1), 3 hr; pro-
pylene oxide-maraglas (1: 2), 3 hr; and maraglas,
overnight. The embedding mixture consisted of 35
parts of maraglas, 9 parts of diepoxide flexibilizer, 5
parts of dibutyl phthalate, and 1 part of benzyldi-
methylamine. The bacteria were transferred to Beem
polyethylene capsules filled with maraglas, and the
capsules were hardened in an oven at 60 C. Ultrathin
sections were cut with a diamond knife on a LKB
microtome (no. 4800). Sections were floated on dis-
tilled water, collected on carbon- and collodion-
coated 200-mesh stainless steel grids, and stained
with lead citrate as described by Reynolds (16). Four
to five grids were prepared on each culture. Approxi-
mately 12 fields were examined on each grid at a
magnification of x 5,000 with a Hitachi electron
microscope (HU-10) or a Phillips EM 300 electron
microscope. At this magnification, each grid con-
tained 50 to 100 bacteria. The electron micrograph
was taken at x 10,000.

RESULTS
Fine structure of P. saccharophila in

early log-phase culture. Cells of P. saccharo-
phila used for this study were grown in a ro-
tary incubator for 4 hr. Electron micrographs
of thin sections show that the ribonucleo-
protein particles (RNP) were rather uniformly
distributed throughout the cytoplasmic region
(Fig. 1A). Numerous areas that represent the
location of the poly-,-hydroxybutyrate (PHB)
were located along the central axis of the cell
(Fig. 1A). The PHB granules were observed in
many other bacteria by Pfister and Lundgren
(15) and by Wang and Lundgren (20). The
PHB areas were also observed in ammonium-
starved cells in the presence of 0.2% sucrose,
the so-called resting cells (not shown). PHB
was found as the carbon storage and energy
source for cellular metabolism such as protein
synthesis. Our present results suggest that
PHB formation precedes cell division. Occa-
sionally, one or two electron-dense inclusion

bodies were seen (Fig. 1A). The chemical na-
ture of the inclusion bodies is not known. The
nuclear region was not clearly observable in
our electron micrographs but was considered
to be in the central, lucent area similar to that
shown in marine pseudomonads by Wiebe and
Chapman (21). Numerous cells in the process
of division were observed, and a mesosome-
like structure was seen in association with the
division process. The dividing cell showed a
constricted area between the two new cells,
but no transverse septum in the central region
between two daughter cells has been observed
(Fig. 1A).
The cross section of cells in the early log-

phase culture showed that the PHB granules
occupy about three-fourths of the cross section
of the cell (Fig. 1B). A membranous structure
surrounding the PHB granules was partially
seen on the inner surface of some PHB gran-
ules. The membranous structure surrounding
the PHB granules was previously reported by
Wang and Lundgren (20).
The structure of the unit membrane was

apparent in the plasma membrane of these
cells, and certain areas of the outer surface of
the cell wall also showed a double-membra-
nous structure (Fig. 1B).
Fine structure of cell surface examined by

negative stain and shadowed -technique.
The negative-stained cells, without shadowing,
showed the areas of PHB granules and a few
long, slender flagella (F) extending from the
cell wall (CW) (Fig. 2). P. saccharophila cells
were treated with ammonium molybdate,
rinsed with water followed by ammonium ace-
tate, and then shadowed with carbon plat-
inum. The electron micrographs of cells after
such treatment showed that the outer region of
the cell flattened out, a result of the strong
surface tension of water under vacuum (Fig. 3).
The flattened area could be the cell wall that
was dehydrated under vacuum drying. Long,
slender flagella and different sizes and heights
of the granules are also shown in Fig. 3.
Fine structure examined by freeze-frac-

ture technique. The cell envelope and cyto-
plasm of P. saccharophila were also examined
by the freeze-fracture technique. The electron
micrographs show that the outer surface of the
cell wall (CW) is covered with a large number
of tiny granules of different sizes (Fig. 4).
However, certain areas on the cell wall appear
to be smooth and without granules (not shown).
The outer surface of the plasma membrane
(PM) was also covered with tiny granules. The
PHB was not frozen at the freezing tempera-
ture used, approximately - 150 C. Conse-
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FIG. 1. Thin sections of early log-phase P. saccharophila. Note large area of poly-fi-hydroxybutyrate gran-
ules (PHB), ribonucleoprotein (RNP) granules scattered in the cytoplasm, inclusion body (IC), plasma mem-
brane (PM), and cell wall (CW).
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FIG. 2. Electron micrograph of P. saccharophila

negative-stained with ammonium molybdate without
shadowing. It shows the PHB granules and the long,
slender flagellum (F) on the bacterium.

quently, it was pulled out in the form of a
spike (S) during the fracturing process (Fig. 5).
The spikelike structures were flexible and fre-
quently moved during the shadowing, as

shown by the double shadows in Fig. 5.
The PHB in early log-phase cells was ex-

tracted by the treatment of acetone after fixa-
tion. An attempt to fracture this extract was

unsuccessful because it could not be frozen,
and the extract was found to be quite pliable
even after several hours of immersion in liquid
nitrogen. In the cells from which PHB had
been extracted, the original PHB areas appear
to be empty, without spikes, and similar to the
empty area shown in Fig. 5B, although this cell
has not been extracted with acetone.
Fine structure of P. saccharophila in late

log-phase cultures. Late log-phase cultures
are the cultures grown for 16 hr at 30 C; the

cells in such cultures enter their nondividing
stage. The electron micrographs of thin sec-
tions of late log-phase cells show generally that
these cells are smaller in comparison with the
cells in early log phase. The cytoplasm of late
log-phase cells is dense, and the ribonucleo-
protein particles are rather uniformly distrib-
uted throughout the cytoplasm. There are a
few small PHB granules present in some of the
cells (Fig. 6).

DISCUSSION
Our results show that the fine structure of P.

saccharophila is similar to the marine Pseudo-
monas reported by Wiebe and Chapman (21).
In the early log phase, P. saccharophila accu-
mulates large amounts of PHB in the form of
granules (Fig. 1). These granules are located in
the central region of the cell. Some of these
granules are very large and occupy up to three-
fourths of the cross section of the cell (Fig. 1B).
The cells in the late log-phase cultures, how-
ever, contain fewer and smaller PHB granules
than those in the early log-phase cultures. This
suggests that, prior to cell growth and cell di-
vision, the cells accumulate nutrient in the
form of PHB granules. In the late log-phase
cultures, the nutrient is used up for cell divi-
sions.
The thin sections of P. saccharophila show

an undulant cell wall (Fig. 1) similar to that
present in marine Pseudomonas reported by
Wiebe and Chapman (21). However, the outer
surface of the cell walls of P. saccharophila
prepared by freeze-fracture techniques appears
to be relatively smooth (Fig. 5). These results
indicate that the undulating structure of the
cell wall in thin sections probably is an artifact
resulting from fixation and dehydration.
The electron micrographs of P. saccharo-

phila prepared by freeze-fracture technique
show that the outer surfaces of the cell wall
and plasma membrane are covered with tiny
granules (Fig. 4). The function of these gran-
ules is not known at present. Various enzymes
(e.g., adenosine triphosphatase) are associated
with and localized on various types of biolog-
ical membranes such as plasma and mito-
chondrial membranes (2-4, 10-13). It would be
of interest to investigate whether these tiny
granules on the surface of the P. saccharophila
are the site(s) of different enzymes. As men-
tioned above, certain areas on the cell wall
appear to be smooth and without granules.
Whether the granuleless area is the real struc-
ture of a living bacterium is not clear at
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FIG. 3. Electron micrograph of P. saccharophila treated with ammonium molybdate and then shadowed
with carbon platinum. Note large PHB granules, long, slender flagellum (F), and granular surface of cell wall
(CW).

FIG. 4. Electron micrograph of freeze-fractured P.
saccharophila. Note granular structure of cell wall
(CW) and plasma membrane (PM) and smoothness
of inner surface ofPHB granule.
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FIG. 5. Electron micrographs of freeze-fractured P. saccharophila. (A) Note large spike structure (S) of
PHB and double shadows of PHB which indicate the pliability of PHB at -150 C. (B) Note the rather
smooth structure of the inner surface of PHB area.
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FIG. 6. Thin section of late log-phase P. saccharophila. Note small size and number of PHB areas, dense

cytoplasmic components, ribonucleoprotein granules (RNP), and lucent area of nucleus (N).
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present. It might be an artifact of specimen
preparation or a shortcoming of the fracture
technique. The latter may account for the ina-
bility to show the detailed cytoplasmic struc-
ture.
The electron micrographs of thin sections

indicate that the cell wall between two di-
viding cells of P. saccharophila is formed by
the extension and invagination of the original
cell wall. Mesosome-like structures adjacent to
the invagination were observed occasionally,
and no transverse septum has been seen in the
central region between the two daughter cells.
The intracellular structures typical of meso-
somal inclusions were observed recently also in
eight strains of P. aeruginosa by Carrick and
Berk (1). The observations reported here sug-
gest that, under our experimental conditions,
P. saccharophila multiplies by the method of
constrictive division.

LITERATURE CITED

1. Carrick, L., Jr., and R S. Berk. 1971. Membranous in-
clusions of Pseudomonas aeruginosa. J. Bacteriol. 106:
250-256.

2. Epstein, M. A., and S. J. Holt. 1963. The localization by
electron microscopy of Hela cell surface enzymes
splitting adenosine triphosphate. J. Cell Biol. 19:325-
336.

3. Epstein, M. A., and S. J. Holt. 1963. Electron micro-
scope observations on the surface adenosine triphos-
phatase-like enzymes of Hela cells infected with her-
pesvirus. J. Cell Biol. 19:337-347.

4. Essner, E., A. B. Novikoff, and B. Hasek. 1958. Adeno-
sine-triphosphatase and 5'-nucleotidase activities in
the plasma membrane of liver cells as revealed by
electron microscopy. J. Biophys. Biochem. Cytol. 4:
711-716.

5. Fiil, A., and D. Branton. 1969. Changes in the plasma
membrane of Escherichia coli during magnesium star-
vation. J. Bacteriol. 98:1320-1327.

6. Freeman, J. A., and B. 0. Spurlock. 1962. A new epoxy
embedment for electron microscopy. J. Cell Biol. 13:
437-443.

7. Home, R. W. 1965. Negative staining methods, p. 338.

In D. H. Kay (ed.), Techniques for electron micro-
scopy. F. A. Davis Co., Philadelphia, Pa.

8. Kellenberger, E., and A. Ryter. 1958. Cell wall and cyto-
plasmic membrane of Escherichia coli. J. Biophys.
Biochem. Cytol. 4:323-326.

9. Kreger, A. S., D. C. Swartzendruber, and R H. Olsen.
1969. Alteration in bacterial morphology by optochin
and quinine hydrochlorides. J. Bacteriol. 97:362-366

10. Lazarus, S. S., and H. Barden. 1961. Histochemistry and
electron microscopy of mitochondrial adenosine tri-
phosphatase. J. Histochem. Cytochem. 10:285-293.

11. Nisonson, I., M. Tannenbaum, and H. C. Neu. 1969.
Surface localization of Escherichia coli 5'-nucleotidase
by electron microscopy. J. Bacteriol. 100:1083-1090.

12. North, R J. 1966. The localization by electron micros-
copy of nucleoside phosphatase activity in guinea pig
phagocytic cells. J. Ultrastruc. Res. 16:83-95.

13. Oda, T. 1965. Cytochemical electron microscopic dem-
onstration of adenosine-triphosphatase in unfixed
mitochondria. J. Electron Microsc. 14:343-345.

14. Peters, T., and C. A. Ashley. 1967. An artifact in ra-

dioautography due to binding of free amino acids in
tissues by fixatives. J. Cell Biol. 33:53-60.

15. Pfister, R M., and D. G. Lundgren. 1964. Electron mi-
croscopy of polyribosomes within Bacillus cereus. J.
Bacteriol. 88:1119-1129.

16. Reynolds, E. S. 1963. The use of lead citrate at high pH
as an electron-opaque stain in electron microscopy. J.
Cell Biol. 17:208-213.

17. Rothstein, A. 1959. Role of the cell membrane in the
metabolism of inorganic electrolytes by microorgan-
isms. Bacteriol. Rev. 23:175-201.

18. Sabatini, D. D., K. Bensch, and R. J. Barrnett. 1963.
Cytochemistry and electron microscopy: the preserva-
tion of cellular ultrastructure and enzymatic activity
by aldehyde fixation. J. Cell Biol. 17:19-58.

19. Walker, P. D., and J. Short. 1969. Location of bacterial
polysaccharide during various phases of growth. J.
Bacteriol. 98:1342-1354.

20. Wang, W. S., and D. G. Lundgren. 1969. Poly-,-hy-
droxybutyrate in the chemolithotrophic bacterium
Ferrobacillus ferrooxidans. J. Bacteriol. 97:947-950.

21. Wiebe, W. J., and G. B. Chapman. 1968. Fine structure
of selected marine pseudomonads and achromobac-
ters. J. Bacteriol. 95:1862-1873.

22. Wiebe, W. J., and G. B. Chapman. 1968. Variation in
the fine structure of a marine achromobacter and a
marine pseudomonad grown under selected nutri-
tional and temperature regimes. J. Bacteriol. 95:1874-
1886.

868 J. BACTERIOL.


